Moreover, we conclude that zircon-based nuclear waste forms should be maintained within strict temperature limits, to avoid potentially detrimental irradiation-induced amorphization or phase decomposition of the zircon.
The study of radiation effects in solids is important for the development of 'radiation-resistant' materials for fission-reactor applications 1 . The effects of heavy-ion irradiation in the isostructural orthosilicates zircon (ZrSiO 4 ), hafnon (HfSiO 4 ) and thorite (ThSiO 4 ) are particularly important because these minerals are under active investigation for use as a waste form for plutonium-239 resulting from the dismantling of nuclear weapons [2] [3] [4] . During ion irradiation, localized 'cascades' of displaced atoms can form as a result of ballistic collisions in the target material, and the temperature inside these regions may for a short time exceed the bulk melting temperature. Whether these cascades do indeed generate a localized liquid state [5] [6] [7] [8] has, however, remained unclear. Here we investigate the irradiation-induced decomposition of zircon and hafnon, and find evidence for formation of a liquidlike state in the displacement cascades. Our results explain the frequent occurrence of ZrO 2 in natural amorphous zircon [9] [10] [11] [12] . Moreover, we conclude that zircon-based nuclear waste forms should be maintained within strict temperature limits, to avoid potentially detrimental irradiation-induced amorphization or phase decomposition of the zircon.
Zircon is a commonly occurring accessory mineral found in a wide variety of rock types that typically contains 5-4,000 p.p.m. uranium and up to 2,000 p.p.m. thorium. It has been synthesized with up to 10 wt% plutonium (ref. 13) , and pure PuSiO 4 has the tetragonal zircon structure 14 . Most natural zircons contain less than 3 mol% hafnium, and the average Zr:Hf ratio in zircon is 40:1-a value which corresponds to the natural abundance of these elements in the Earth's crust. However, hafnon grains with up to 97 mol% Hf have been reported 15 (with the remaining 3% being Zr), and zircon forms a complete solid solution with hafnon. The actinide-bearing mineral thorite (ThSiO 4 ) is isostructural with zircon and, like zircon, is frequently found to be metamict (amorphous). The lack of intermediate compositions between zircon and thorite suggests a relatively wide miscibility gap 16 . Pure, synthetic zircon, hafnon and thorite crystals were irradiated with 800-keV Kr + ions in situ in a transmission electron microscope. All of the materials were amorphized at temperatures up to 900 K. The fluence was converted to displacements per atom (d.p.a.) through TRIM-96 17 calculations using atomic displacement energy values of 79 eV (Zr), 23 eV (Si) and 47 eV (O) recently estimated for zircon 18 . At low doses, disordered regions ϳ3 nm in diameter, corresponding to individual damage cascades, were observed by high-resolution microscopy. At higher doses, the materials gradually became amorphous, as determined by electron-diffraction. The amorphization dose (D c ) was observed to increase in two stages as a function of temperature (Fig. 1) , consistent with previous experiments on zircon 13 and ␣-alumina
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. The temperature dependence of the amorphization dose can be modelled by assuming that the effect of temperature is to cause continuous recrystallization at the cascade boundaries 20 . For the orthosilicates, the activation energies for irradiation-enhanced recrystallization are 3-3.6 eV. These high values explain why natural specimens of orthosilicates are frequently found to be metamict. In comparison, we have found that the activation energies for the almost invariably crystalline radionuclide-bearing minerals monazite (CePO 4 ) and apatite (Ca 5 (PO 4 ) 3 F) are lower by a factor of nearly 3. Using these activation energies for the orthosilicates, a minimum temperature of ϳ700 K is required to ensure the longterm crystallinity of a Pu-loaded zircon waste form.
On increasing the temperature to 950 K (zircon) and ϳ1,000 K (hafnon), a new effect was observed. Above these temperatures, the material decomposed under irradiation into the component oxides: tetragonal ZrO 2 or HfO 2 þ amorphous SiO 2 . The development of these new phases was determined by electron diffraction (Fig. 2) . At 300 K, zircon was amorphized at 0.3 d.p.a. but at 1,050 K zircon and hafnon decomposed directly into their component oxides. In contrast, ThO 2 did not precipitate in the displacement cascades of crystalline thorite at these temperatures. High-resolution electron microscopy confirmed the presence of nanocrystalline ZrO 2 and HfO 2 in the zircon and hafnon specimens (Fig. 3) . The observed crystallite size is comparable to the cascade dimensions.
Specimens amorphized at low temperatures were also heated above the temperature at which the radiation-induced phase 
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8 decomposition was observed and held for 20 minutes to determine if the formation of the component oxides was thermally induced. Phase decomposition did not occur in any of the specimens amorphized at low temperature and then held at 1,100 K for 20 minutes. However, when the ion beam was then allowed to impinge on the amorphous specimens, rapid formation of crystalline ZrO 2 and HfO 2 was observed. The component oxide phases did not redissolve when held for 60 minutes at 1,100 K. Specimen heating caused by the ion beam was quantified by irradiating specimens of the ferroelectric phase-change material KNbO 3 under identical conditions and was found to be less than 30 K. These experiments show that the phase decomposition of zircon and hafnon into their component oxides is nucleated through the effects of the ion irradiation. This has important ramifications in situations where these materials may be exposed to irradiation, particularly at elevated temperatures. For example, the present results imply that a Pu-loaded zircon waste form should be maintained at temperatures well below the phase decomposition temperature in order to avoid the redistribution of Pu and its daughter products between the component oxides. On the basis of these results and on the model derived to plot the lines in Fig. 1 , there is a temperature 'window' between approximately 700 and 900 K in which a Pu-doped zircon waste form will neither amorphize nor undergo phase decomposition.
A convincing explanation for the presence of crystalline precipitates at high irradiation temperatures in the displacement cascades of zircon and hafnon and their absence in thorite can be based on the 'thermal spike' model. Recent molecular dynamics simulations suggest that collision cascades have two main stages: an initial ballistic stage during which many atoms are dislodged from their lattice sites, and a subsequent thermal spike phase in which the cascade region attains thermal equilibrium with its surroundings 6, 21, 22 . During the thermal spike, the atoms inside the displacement cascade may achieve a liquid-like state (cascade melting), a phenomenon that is of general interest for both fundamental condensed-matter physics and applied technologies such as the ion-beam processing of semiconductors. However, there has been little experimental evidence to substantiate these predictions.
From an examination of the published ZrO 2 -SiO 2 phase diagram 23 , crystalline ZrO 2 coexists with an SiO 2 -rich liquid phase at temperatures between 1,960 and 2,670 K for a composition of ZrSiO 4 . Relatively rapid liquid-phase diffusion can occur in this temperature range. A solid solution of crystalline SiO 2 and ZrO 2 occurs below the eutectic solidus temperature of 1,960 K (with correspondingly slower solid-state diffusion parameters), and the solid-state reaction ZrO 2 þ SiO 2 → ZrSiO 4 occurs at 1,950 K. On the basis of the estimated average kinetic energy for the ϳ1,000 atoms contained within the individual displacement cascade regions, the effective temperature should exceed the melting point for zircon. According to the thermal spike model, the relatively high quench rate through the two-phase region (crystalline ZrO 2 and SiO 2 -rich liquid), which occurs for low ambient temperatures, would not allow sufficient time for nucleation of the crystalline ZrO 2 phase. However, decreasing the cooling rate at temperatures in the two-phase region between 2,670 and 1,960 K by increasing the ambient temperature could allow the nucleation of tetragonal ZrO 2 in the displacement cascade region.
The HfO 2 -SiO 2 phase diagram 23 shows a two-phase region (crystalline HfO 2 plus SiO 2 -rich liquid) from 2,870 to 2,020 K for a composition of HfSiO 4 . A peritectic reaction to form hafnon occurs at 2,020 K. The peritectic solidus temperature in hafnon is 63 K higher than the eutectic solidus temperature in zircon; this temperature difference is close to the difference in minimum irradiation temperatures for the formation of crystalline HfO 2 versus ZrO 2 crystallites in the displacement cascades of the two materials (1,000 K versus 950 K, respectively).
The published ThO 2 -SiO 2 phase diagram 23 shows a two-phase region (crystalline ThO 2 plus SiO 2 -rich liquid) from ϳ2,470 to 2,250 K for a composition of ThSiO 4 . Thorite is formed by a peritectic reaction with a solidus temperature of 2,250 K. The relatively small temperature range between the liquidus and the solidus, and also the relatively high solidus temperature for thorite compared to hafnon and zircon, are not favourable for the precipitation of ThO 2 during cooling of a displacement cascade. Therefore, precipitation of ThO 2 in the displacement cascade requires higher ambient temperatures, and the transformation to the component oxides occurs less readily than for the cases of zircon and hafnon.
The irradiation-induced nucleation of new phases in crystalline or amorphous zircon and hafnon is consistent with the concept of thermal spikes. Within the thermal spike model, the temperature in the cascade region is characterized by a cooling rate exp(−t/t), where t is time and the cooling time constant t for metals such as nickel with strong electron-phonon coupling is ϳ1 ps (refs 24, 25) . As the temperature profile is inversely proportional to the thermal conductivity, and the thermal conductivity of the orthosilicates at T Ͼ 1;800 K is approximately an order of magnitude lower than that of nickel, the cooling time constant for the orthosilicates should be at least 10 ps. The magnitude of the diffusion coefficient necessary to produce solute segregation within the displacement cascade region can be estimated to be
where x ¼ 1:5 nm is the observed crystallite radius (Fig. 3) , the cooling time constant t is 10 ps, and t Ϸ 3t is the thermal spike lifetime. This estimate is similar to typical liquid diffusion coefficients 26 . Crystalline ZrO 2 has been observed to precipitate in metamict natural zircons 9, 10, 12 and in ion-beam-amorphized zircons heated to ϳ1,200 K (ref. 27 ). Zirconia-rich and silica-rich microdomains were proposed to exist in metamict zircon, evidence for which has recently been obtained by ion microprobe techniques 11 . The present results imply that these domains may form during the cooling of the ␣-recoil cascades in the U and Th decay series. ZrO 2 -and SiO 2 -rich 'nanodomains' should occur as fine-scale fluctuations in the amorphous material, and these nanodomains could represent nuclei for the subsequent precipitation of ZrO 2 in metamict natural zircons. These fluctuations may lead to a fine-scale redistribution of U and Pb contained in natural zircon used for geochronology 28, 29 .
In contrast, irradiation with light ions (for example, He annealing. The use of light ions is, therefore, suggested for the formation of optical waveguides 30 in zircon. standards. The analysis has a precision of better than Ϯ1 atm. Surface water p CO 2 data was collected at intervals of ϳ4 minutes, while atmospheric p CO 2 was determined every 25 min. Equilibrator temperatures and atmospheric pressure were measured every 2 min. Differences between in situ surface temperature and equilibrator temperatures were Ͻ0.06 ЊC, requiring no correction to equilibrator p CO 2 data. c, Total CO 2 (SCO 2 ) normalized to a constant salinity of 36.6 (mol kg ) and mixed layer depth (m). SCO 2 was calculated from seawater p CO 2 and alkalinity using appropriate thermodynamic considerations 26, 27 and dissociation constants 28, 29 
